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1.0. Introduction

Mask blanksare thesubstrateshat hold the master pattern®r integratedcircuits. Inte-
grated circuits are semiconductigvices, such as microprocessqu®g), dynamic random
access memory (DRAMSs), and application specific integrated cif@@HCs) that are central
to thecomputer, communication, amdectronicsndustries.These devices are fabricated us-
ing a set of master patterns that are sequentially imaggedlight-sensitivecoated silicon wa-
fers and processed to fortmin layers of insulating and conductive materials on top of the
wafer. These materials forglectricalpaths and transistothat control thélow of electricity
through the device.

For the past forty yeathe semiconductandustry hasmade phenomenal improvements
in device functionality, compactness, speed, power, and cost. This prograssifally due
to the exponential decrease in the minimum feature size of integietads, which hadeen
reduced by a factor o2 every three years. Sind®92the Semiconductoindustry Associa-
tion (SIA) has coordinated the efforts of producing a technology roadmap for semiconductors.
In the latestdocument,The International TechnologyRoadmapfor Semiconductorsi999,
future technologynodes(minimum featuresizes) andargeted datesvere specified and are
summarized in Table 1.

Table 1. Target dates for future technology nodes.

Year 1999 2002 2005 2008 2011 2014 2017

Technology 145 130 1200 70 50 35 25
node (nm)

Lithography is the imaging technology for producing a de-magnified image of the mask on
the wafer. Atypical de-magnification factor is 4. Mask blank defects as small as one-eighth
the equivalent minimum feature size are printable and may cause fi#gice Defects might
be the result of the surface preparation, such as polishing, or contamination due to handling or
the environment.Table 2showsthe maximum tolerable defestzes onthe mask blank for
each technology node. This downwairehd puts a tremendous burden on mask fabrication,
particularly in the area of defect detection and reduction.

Table 2. Maximum tolerable sizes for mask blank defects.

Technology 145 130 1200 70 50 35 25
node (nm)

Max.defect o9 g5 50 35 25 17 12
size (nm)
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A new infrastructure for maskspection will be required to keep pasgh this aggres-
sive roadmapDepending on the specific lithographged for aparticulargeneration, mask
inspection specifics may change, but the methodology will essentially remaantteeMask
blanks will have to undergo 100% area inspection for defects larger tharaxmaum accept-
able size. Since masks are becoming a significant cost fadtee awnership oflithography
tools, this is a critical step—patterning defective mask blanks would be an economic disaster.

Inspection does not necessarily have to be dotieeatltraviolet wavelengthsed for the
lithography since defects at theask blanklevel will interactwith visible light, albeit very
weakly. Techniquesusing visible light are appealing because they are familiar touter,
relatively straightforward to manufacture and safeuse, and when designegroperly, ex-
tendable over many generations.

The technology used in commercial wafer inspection tools is currently the gaimdalate
for mask blank inspection. It is based direct detection of scattered liglom the defect in
one or moralirections. Figure 1 shows tgpical setup with detectors in bothe forward
scatter direction (bright-field detection) and away frihie specular direction (dark-field de-
tection). In thesesetupsthe beamand/or mask blank is scannedachieve full inspection of
the blank. The scattered signflom adefect is therefore ahort pulseimmersed in the dy-
namicbackgroundscatter fromthe inherensurface roughness tfie mask blank and in the
light scattered fronthe optics andnechanicalparts within the instrument. State-of-the-art
instruments cannadetectdefects smaller than 89m, insufficient for the next technology

node.
Dark-field
detector

Collector

Bright-field

. detector
Incident beam

(s, p polarization)

Mask blank silicon wafer Defect

Figure 1. Optical system in commercial wafer inspection tools based on
measurement of scattered intensity.

The researcldone overthe last yearaddresseddefect detectiorusing adifferent ap-
proach—a heterodyne interference/synchronous detection techhajuesthe potential of
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enhanced detection of the scattered light from small defects. This detection is accomplished by
directly measuring the amplitude of the electric field of the scatteredutgghg interference of

the scattered light with a strong, frequency shifted, local oscillator beam. This technique could
provide the basis for new visible light inspection equipment.

2.0. Heterodyne detection

Optical heterodyne detection—surprising as it may seem—predates[1] the invention of the
laser. Furthermore, the general principles of heterodyne detection have a long history in radio
frequency electronics.

In the optical system a square-law photodetector producglsaricalsignal at the differ-
ence frequency of two optical waves combinedtolVhen one of theseaves(the local os-
cillator, or LO) is mademuch strongerthan the othe[signal) wave, the sensitivity of the
process can be much higher tHandirect detection of the signalone. In additionthe het-
erodyne detector has both strong frequency and strong directional seletttatity; it acts as
both a receiver and an antenna. Careful alignment between the LO and signal beams is neces-
sary to maintain a constant phaseha beat notacrossthe face of the photodetector; there-
fore, heterodyne detection is most useful for detecting cohéveaksources Many workers
in many fields—lasespectroscopypPoppler velocimetry, plasmdiagnostics, profilometry,
astronomy, LIDAR, to name a few—have taken advantage of these characteristics.

In the following sections we first review the principlesoptical heterodyne detection and
then continue with analysis of its application to the detection of very small particles lying on a
rough surface. Section 2.1 describes the optical layouelacttonicprocessing for &etero-
dyne system and reviewlhe fundamental properties of tkgstem noiseSection2.2 de-
scribes the optical scattering properties of a sub-wavelength sized conducting spliise and
cusses the heterodyne signal toelspectedvhen such a sphere is detect8dction2.3 is a
description of the fluctuating response of the heterodyseem to sub-wavelength-scaler-
face roughness. These fluctuati@re a potentiahoise source fothe system signal-to-noise
ratio (SNR). Next, inSection2.4 we bring together results of prior sections to derive an
overall systemSNR. Finally, inSection2.5 we describe ouexperimentalresults with our
early breadboard of a heterodyne system.

2.1. Heterodyne system description

2.1.1. Optical layout. Figure 2 shows théayout of an optical heterodyrsystem de-
signed todetect smalbtlefects on “rough’surfaces. A single-frequencgingle-spatial-mode
laser is split at a beam splitter itwo beamsOnebeam,called theprobe, is focussed to a
spot on the mask blank. The very well polished mask blank reflects most of thdganinén
a speculafashion,but the residuasurface roughnesscatters a few parts péillion (ppb)
into a large solid angle. the probebeamshould happen tbit a defectsuch as garticle on
the surface, then this diffuse scattering can be greatly increased.
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robe .
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Figure 2. Optical layout of a heterodyne system for defect detection.

The second lasebeam,called the local oscillator (LOpasses through ascousto-optic
frequency shifter and is then focussed to the ssmo¢ onthe mask blank ashe probelaser,
although its incident direction made completely differerfrom that of theprobe.The LO
beamalso undergoes speculeflection (and dittle diffuse scattering). A photo-diode is
placed to collect all the specular reflection of theldgam as well as thaiffuse scatter from
the probe beam that coincides with the specular LO beam.

It is the intensity beat between these two optical fields that constitutes the signal in the het-
erodynesystem.The beatoccurs atexactly thefrequency used irthe acoustic frequency
shifter. In practice the mask blank is scanned rapidly thrtugfocussedaserspot in order
to find defects anywhere on the surface. The incident directions of the probe and LO lasers are
designed so that there is no Doppler frequestuft in the photo-diodebeatsignal caused by
the surface motion.

2.1.2. Signal processing and electronicgigure 3 shows a schematitew of the
signal path through the electronics of #ystem. Atthe top theoptical fields of the scattered
probe laser and the LO fall on the photo-diode, which in analogy with RF systenad| de
photomixer. The photomixer output currgrasses through an RF bandpfilssr centered at
the beat frequency of the probe and the LO. This figexr a wide enough pass band to trans-
mit amplitudevariations in the beadignal as a defeqtasses througthe laserspot on the
mask blank.
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Figure 3. Heterodyne system electronics configuration. The quantities labeled
n,(t), ny(t), no(t), AL(t), etc. represent additive random noise.

It is this beat signal amplitude that we want to measure, but we have no prior knowledge
of its phase; therefore, we electronically split the beat signatwdanputs to RF mixers op-
erating in quadrature. Each mixer is driven by anifR€&mediate local oscillator (ILOyet to
the known laser beat frequency. The two IL@s 90 degrees out phase. Irthis way one
mixer demodulates thm-phase component dhe photomixer current and the othaixer
demodulates the quadrature-phasenponent. Low-pasHiters following the RF mixers re-
move any sum-frequency components generated in the mixing process.

Finally, to recovethe amplitude of the original besignal and discard its phaiee two
outputs of the RF mixeraresquared andummed. Thidinal voltage is then averaged in an
integrating circuit, typically with a time constant about equal to the time it takes a defect on the
moving mask blank to pass through the laser spot.

2.1.3. SNR for heterodyne system. The following definitions apply to the
guantities in Figure 3:
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&(t) = local oscillator field (real number)

= Re[Epd ")
&g(t) = signal field (real)
= Re[Ege)
wp = local oscillator frequency
wg = signal frequency
W = beat frequency
=Wy ~Ws

lo(t) = local oscillator intensity (real)

[’ -
T2

I5(t) = signal intensity (real)
_|ES? [2]
T2

I(t) = total intensity (real)
[3]

.
= I0+IS+%[EOESe"*’t +cC.

The first term in the total intensity is the LO intensity, which gives rise to a DC current in
the photomixer:

iDC = Rlo , [4]
where R= % [5]

n = photomixer quantum efficiency
g = charge on the electron

4 = areaof photomixer

hv = energy of a photon

The third term is the heterodyne mixing term, which gives rise to an AC current
inc = Acos(ot - @) :%R{EOE;ei‘*’t +ccl . [6]

Thus the amplitud@é of the sinusoidal current component is

A=2R[lgls . [7]
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The bandpasdilter following the photomixepasseghe signalwith unity gain;the filter af-
fects only the noise.

The pair of matched RF mixers operate in quadrature to produce tleyals given by
(bar designates time average)

B, = K Acog(wt — @) coswt = @coscp
: 8]

- KA .
= K Acoqdwt —@)snwt =——sin
Bq Jwt - @) 5 Sin®

The RF squaring circuits produce the outputs

S =B%= B}%AE% cos’p o
2 _ OKACT

- .2
S? - BQ 020 sSn@

Finally the system signal output voltage is
S=3§ +&

10
=(KR)?Iglg 1ol

Now we are ready to treat the noise in the heterodyne system. We dkatialethe elec-
tronic components ardeal and produce no noise tfeir own. This is justified because we
can make the shot-noise fluctuations in the DC photomixer current larger than any other fixed
noise sources if we make the DC current large enough.

First, a word about definitions of noise: by system noisenean thenoisethat exists in
the absence of arsignal,thatis, the noisethat would contribute to false positive detection.
One can also ask about the error in measuring astgumal. In thiscase the interaction of the
signal and thenoise togetheareimportant. Weare notshowing thislatter analysis because
our real interest is in pushing the limits of defect detectability.

In the absence of any signiabm the probe beamthe only current inthe photomixer
comes fromthe LO, as shown in Eq. [4]The current fluctuations are due to the quantized
charge of the currerarriers. Atthe output of thdandpasdilter following the photomixer
these current fluctuations, expressed as a variance, are given by[2]

(n2(t)) = <(i —iDC)2> = 2QipcAV [11]

where the angle brackets denote a statistical average. Referring to Fig. 3, this noise can also
be written as a nearly sinusoidal current given by

ny(t) = Ny, (t) cod wt + ar(t)] [12]

where n(t) anda(t) are random variables andt) has a uniform random distribution over the
range O to &
From Eqgs. [11] and [12] we have

(n3(t) = 4dipc Av . [13]
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Next, the quasi-sinusoidal noise voltag@) passes througthe two RF mixers andheir
subsequent low pass filters to produce

n (t) = K ny,(t) cofwt + a(t)] coswt
= 1K n, () coda(t)] [14]
No(t) = 3 Kn,®)sinfa(t)]

The RF mixers have preserved the flat spectrum of the noise, but these specheehave
translatecdown to DCand folded overthatis, the spectrum oh,(t) andn(t) now extend
from DC to a frequency ahv/2. We assuméhat the circuitryremoves the DC components
without significantly affecting this noise bandwidth.

Next we put these outputs tife RF mixerghrough RF squaringircuits to produce the
DC voltages

2 () = nf (1)
No(t) = (1)
It can be shown[3] that the fluctuations in these voltages are

57 =((2 ~(2))°)
= 2(n?(t))” [16]
573 = 2(n3 (1))’

The summing circuit at the bottom of Fig. 3 produces a mean square system noise of
SNZ =8N +3NG - [17]

Recall that this noise has a bandwidtihef2. We assume that the heterodyne measurement is
integrated for a tim&, where

[15]

2T 2
Using the results of Egs. [13]-[18] and Egs. [4] and [5] we have
TK2qRI,
2 _ 0
oa(® =G0 . [19]

Finally, from Egs. [10]and [19] wecan define asystem signal-to-noisgtio assuming
that the photomixer shot noise is the only noise:

sNR=—> =Ry 1

(Ba2)" ¢ [20]
_nisa
hv
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We can make this look particularly simple by defining an equivalent input “noeEal in-
tensity, meaning an intensity that will have an SNR of unity in a measuring .time
hv

I = 21
Rg$ naT [21]

which is the intensity causing one absorbed photon iar@am in a timeT. The SNR there-
fore becomes

SNR = DI'S . [22]
e

Equations [21] and [22how several of thestriking and well-knowncharacteristics of
optical heterodyne detection. First, the SNR does not depetite drO lasepower;the sig-
nal and thenoise increase together with increas€dl In practicalterms, thismeans that the
LO powercan usually be increased urit]. [21] representthe dominantsource ofnoise.
Another characteristic of heterodyne systenthas the equivalent inputoise corresponds to
a singledetectedohoton arriving duringhe measuremetitme and occupying a spatial mode
matched to th& O. Thisinput noisehasmany of the same characteristics aswedi-known
“zero-point fluctuations™found in descriptions obther quantum phenomensiich as the
spontaneous emission of laser amplifiers[4].

2.2. Signal from a point scatterer

We next calculate the heterodyne sighalt wewould expectfrom a smalldefect on the
mask blanklluminated by theprobe and L(beams.The semiconductandustry follows a
standard of calibrating all defects in terms of the size of a spladirethat scatters the same
amount as the defect. For spheres that are much smaller tlogticah wavelengthhis scat-
tering can be calculated from knowledge of the dielectric properties of the sphehe and
face, from the optical wavelength, and from the diameter of the sphere.

2.2.1. Small-particle scattering. There is a largéody of literature describing the
electromagnetic scatterirfigpm sub-wavelength sizespheresmuch of it coming under the
name of Mie theory[5]For an isolated sphere one can show from dimensional arguthaints
the fractional scattering has the form

Py . D°
R O BqZ [23]

where

Ps = total scattered laser power
R =incident laser power
D = diameter of scattering particle
A = wavelength of scattered laser
d = diameter of laser spot

The dimensional argument goes something like this:
1) d % The scattered power is proportional to the incident intensity aattiele; the incident
intensity ] d 2.
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2) ™% The totalpowerradiated by an accelerated chargerisportional to thesquare of its
acceleration. The acceleration of a sinusoidally driven charge is proportional to the driving
frequency squaretimes the amplitude ahotion. Far below resonanttee amplitude of
motion ofsuch acharge is independent kquency. Hencehe totalpower radiated is
proportional to the fourth power of the driving frequency\dr

3) D% The sphere is much smaller than a wavelengttallshe microscopic radiators it con-
tains contribute in phase to the radiafietd. The strength ofthe radiated field igpropor-
tional to the number of radiators in the sphere, which is proportional to its vahenés,
the optical polarizability of the sphere is proportional tordkime. The radiategpower is
proportional to the square of the radiated field, hen@?.to

The scattering properties of a small sphere sitting on a surface are muatomplieated
than for an isolated sphere and the problem is best treated numerically. \Weumayehow-
ever, that for large angles of incidence Eq. [23] applies well, particularly in its dependence on
sphere diametdd. For examplenumerical simulation of a Siphere sitting on a Si surface
gives the following approximate formula for P-polarized light at 70° angle of incidence:

6
B 210002 [24]
R A'd
which fits the numerical simulation well for a rangébofrom 5 nm to 50 nm at wavelengths
near 500 nm.

2.2.2. Overlap of scattered wave with LOFor our purposes here, it @dequate
to assume that when the spherical particle is illuminated bprdie lasethe resulting scat-
tered wave has a spherical wave froemtered on the particle. We calso assuméhatthis
wave has an amplitude that varies smoothly with scattamgde. Wewill ignore the effects
of optical polarization, as if the scattered wave and the LO have polarizations thatadied.
This isclearly notpossible forall directions of probe andO, butthe added complexity is
beyond our scope at this time. Thus pusblem reduces toalculation of the beatignal in
the integrated intensity across the photomixer of the combined spherical wavdrparti-
cle and the optical field from the LO.

We need to generalize tfierm of the amplitudeA of the sinusoidal component of the
photomixer current as shown in Eq. [7] becausecamot assumthat the intensities of the
scattered wave and the LO are constant across the face gifateenixer. For varyingnten-
sities we have

A=R HEO(X, y,2)Eg(x, Y, z) dxdy [25]

where the integral is taken over the surface of the photomixemillVassumethat the parti-
cle is located at thpoint (Xs1¥YsZs) andthat the complexsignal field is a spherical wave
emanating from that point:

Es(x.Y,2) = /2Ps €

—ikrg

cos(z ) | [26]
S
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wherePg is the optical power per unit solid angle in the forwam) @irection, whererg is a
vector from(xs, Y5 Zs) to (x,y,2), and where

12
rs =g = [(x - xs)2 +(y- ys)2 +(z- 25)2] . [27]

The cogz rg) factor in Eqg. [26] means that the field peaks in thelirection and falls to
zero in thex-y plane. In fact we assume thag(x,y, z) is zero fornegativez. Thus Eq. [25]
becomes

ei krg

A=R2Ps cos(2,Fs)dxdy [28]

ijo(x,y,z)

I's

We have extended the integral to infinite limitsstgnify that thesurface ofthe photomixer
captures all of the LO fiel&y(x,y,2).

The integral in Eq. [28] is a well-known form from the theory of scalar diffractizmg
a Green’s function approach the solution of the scalarwave equation results in the
Rayleigh-Sommerfeld equation[6]
i kg

Eo(Xs ¥s125) = % f} Eo(x,Y,2) ©

; cos(z,fgdxdy [29]
s

which describes how an optical fidig(x,y,zZ) known over a surface propagates to an obser-
vation point (Xs:¥sZs)- In terms of the heterodyne problemhaind, this meanghat the
overlap integral at the photomixer of the LO field and a sphevieale isrelated to the
strength of the LO field evaluated at the position of the scattering particle.

Without needing tdknow the explicitform of the LO optical field we can therefore use
Eq. [29] to evaluate the integral in Eq. [28]:

A=R|2Ps|Eq (Xs,Ys:Zs)| - [30]

This very general result says the following about the integrated beat note between an arbitrary
local oscillator and a point emitter producing a sphemaale. If youmove the poinemitter
around inthreedimensionskeeping theemittedpower constantthen the amplitude of the
heterodyne beat note exactly tracks the amplitude of the LO field at the locationpoirthe
This is true regardless of where the detector is located, as ldhg dstector collectall the
overlapping light. In practice the photomixer must jstect all of the LObeam,since it is
much more localized than the scattered probe beam.

We showed in Egs. [10] and [#)at thesignal S at the output of the heterodymsgstem
is proportional to the quanti§é, whereA is given byEq. [30]. Thusthe heterodyne signal
is simply proportional to the product of the LO intensity andpiabe laser intensity, both
evaluated at the position of the scattering particle. It is not necessary to evaluate the integral of
the overlap of the two optical fields at the photomiserface as long abe photomixer col-
lects the entire LO beam.

Finally, another consequence 6. [30] isthat the overlap integral i&q. [28] isinde-
pendent of wheréhe integral isdone, adong asall the LOpower is includedThatis, we
can evaluate the integral in any plane we choose and we will get the same result eal-if we
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culated the integradver the photomixesurface. Wewill make use of thisinvariance in the
following section.

2.3. Heterodyne response from a rough surface

Even without any defects on tineask blanksurface,the slightlyrough surface of the
blank scatters some difie probe laser ontdhe photomixer, producing a heterodyheat
note. This roughness is, of cours®t very great. In facthe blanksare super-polished to
the point that only dew parts pebillion (ppb) ofthe probe laseare scatterediffusely. In
this section we will derive the relationship between this surface roughness and the heterodyne
“signal” it produces.
We first assume that the optical fields of btite probebeamand the LO havélat wave
fronts near themask blank surface and furthermdhat the directions opropagation are
characterized by the direction cosirfes;, Bs,ys) for the probe and(a,Bq,Yq) for the LO.

The z-axis coincides withthe surface normal othe blank. We also assuntbat thesurface
roughness is described by the height vs. position givdiixy), where the average value of
his zero and its probability distribution is gaussian.

We can then use Eq. [25] to write

o 2
()= Frosae Iy |

where the angle brackets denote a statistical averzggehe properties of theough surface
and whereda =ag-ag, O =Bg— Py anddy =yg—Yy. We then define a phase difference

@(x,y) = kdyh(x,y) :M

Expanding the squared magnitude we have

[32]

(A2) =R ” I:f o0 Y ES(%0 1) E5 (Y2 B o) »

X ei k[(xl—xz)éa +(Y1_y2)6|3] <ei[<p(xl,y1)-tp(xz,y2)] >dX1 dy]_ dX2 dy2
The statistical average in the integrand of Eq. [33] can be evaluated in terms of the spatial cor-

relation function of the phase shiftor equivalently, othe surface heighh(x,y). Using the
properties of the characteristic function of a gaussian random variable, one can show[7] that

<ei[<P(x1,y1)‘<P(x2,yz)]> _ eXp{ _02[1_ p(a,r)]} ’ (34]

where the variance’ of the phase is given by
2=(¢?(xy)) [35]

and is independent of position. We have defined the differences
€= Xl - X2

36
=YY 136]
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We also use the normalized correlation funcpasf the phase as given by
o’p(e,1) =(@(x,y)g(x +£,y+1)) , [37]

wherep is independent of thegosition &,y) and does not depend dime signs ofe or T.

Furthermore, we assuntieat thesurface heights vary by mudassthan an opticalvave-
length, sothato® << 1. Usingthe property ofthe correlation functiothat p| < 1, we can
expand the exponential in Eq. [34] to get

<ei[<p(xl’y1)_(p()(z’y2)]> ~1+0%p(e,T) . [38]

Next, we assume that the phgsemains spatially correlated only over a distaheg is
much shorter than the characteristic distance over which the LO and probe field ampjjtudes
andEg change. We therefore define the new variables

[39]

and use them in Eq. [33] to get
(W) =R [ [ flEa(x V) Es(ey)
o 2 [40]
x gl H{eda+1of] [1+ 02p(s,r)]dx dy de dt

The integral can now be expanded and separated to give

<A2> - RZGIOOJ' ol Kfeda+1p] 4o o
o [41]
+02RZGJ’J’eik[aéd”w]p(s,T)dsdt

where

G= [ [IEo(x ) Es(xy)" dxdy
- [42]

—4IJ’I X,y) 15(x, y)dxdy

Thefirst integral inEq. [41] isthe result wenvould obtain if thesurface wereperfectly
flat, that is, ifh(x,y) = 0. Thus it isthe heterodyne beatgnal we woulchave between the
probe andhe LO if they simplycrossed athe surface and continued with no perturbation.
We can make this signal as small as we like by makimgthe probe and LCare physically
separate at sonmmint. Thatis, if there is some part dhe system wheré¢he integral of the
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overlap is zero, then that overlap remains zero as lotigedso beams simply propagate in
vacuum without perturbation.

The secondintegral inEq. [41] lookslike a Fourier transform othe normalized spatial
correlationfunctionp for the phasegp. This meanshat the integral can be interpreted as the
power spectral density (PSD) of the ph@s@®ne carshow8] that if we define thé’>SD for
the two-dimensional surface as

)= L[I h(x,y)ez"‘(fxx”yy)dx% , (43

then the well-known Fourier transform relation between the PSD and the correlation function
of the surface distribution(x,y) gives us

_ o A EF * 2Tri(sfx+rfy)
S(fx,fy)—o %E ‘r_;,[ p(e,1)e dedt . [44]
Finally, we have from Eq. [41]
2\ _ o2~ (2T [ ofoe 3B
<A>—RGEK—D%%WJ. [45]

To find a more specific form for the const&htdefined inEq. [42], wewill take the ex-
ample ofgaussian intensity profile®r boththe probe and LO beams and we will also as-
sume that the intensity profiles are adjusted to match at the mask blank surface. We find that

G=_0% [46]

TIW, W

where thetotal laserpowers inthe LO andprobeareP, andPg, respectively, anthe waist
radii at the 1/gintensity points arev, in thex direction andw, in they direction. Wecan in-
terpretG as the product of the two powedwided by the area of the lasgrot onthe mask
blank.

We know from Eqs. [10] and [7] that the average “signal” causdtidnpough surface at
the output of the heterodyne system is proportionéfiﬁi@. What we are really interested in
is the fluctuation inthis “signal,” because these fluctuations appeapaat of thesystem
noise.

Starting from the form fokA*) that is analogous to Eq. [31] we have been able to follow
the same logical path as shown above to prove that

(A% =2(A2)° | [47]

Using this result, we find that the standard deviatdm?) of (A2) is equal to{A2) it-
self:

A(A2)

oz -2 a8
(A2)
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These results have oparticularly interesting interpretation. We see frion [45] that
the heterodyne signal from the rough surface is exactly zero dyhe0, that is, whetthe z-
directioncosines ofthe probe laser and L@re thesame. Thiscondition ismet when the
probe and LOnake the same angldth the surface normal, regardless tbeir relativeazi-
muths; that is, there is a geometry of probe and LO for which the surface roughness produces
no noise in the heterodyne signal.

2.4. System SNR

We arenow ready to make an estimate of signal-to-noise ratiéor an optical hetero-
dyne system used tietect aspherical particle on theurface of a mask blank. Well as-
sume that the@robe laser anthe LO laser are single spatial magkussian beams having a
waist at the blank surface. We will also assuha they have equangles of incidence, so
that there is no heterodyne beanal fromthe rough surface. Finally, weill assumethat
the system noise is dominated by the shot noise from the LO.

2.4.1. Formulas.We will use Eq. [24] toget thepower scattered by the particle. We
assume that the scatterihgsthe angular dependensbown in Eq. [26]; therefore, we can
divide the total scattered power fiyo get the power scattered per unit salidyle. This is a
simplification of the true scattering geometry, but for this overviewbeleve theresults are
adequate, certainly accurate to within a factor of two in the SNR. We also ascetiective
solid angleQ  to the heterodyne detection system, where

A2
2TTW, W,
ZAZX o [49]

" nd?

Qg =

where again the waist radii at the“lifgensity points arev, in thex direction andw, in they
direction. In moredetailed calculationsot shown here we have justified this definition of
Q.
Next, using Eq. [24] weeplace theroductl 2 in Eq. [20]with the detecteghower P
given by
1000 , DS

0 L pagE et

D®

=200 PL }\2—d4

Ps

[50]

Our final result for the SNR for the detection of a spherical “defect” of diarater
6

SNR=2001LT D
hv A<d

where we recall the definitions

: [51]
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n = photomixer quantum efficiency
R = probe laser power striking the mask
T = integration time
hv = energy of the laser quantum

D = diameter of spherical “defect”

A = laser wavelength

d = diameter of laser spot at 1/e? intensity .

2.4.2. Numerical examples. Before showing typical examples et us define one
more important parameter—tliene T, that it takes tscan oneentiremask blankfor de-
fects. Without worrying about the details of thecan pattern, we simplgstimate thescan
time as about equal to tiiene for onemeasurement multiplied by the ratio of tmaskarea
to the area of the laser spot. We put in an extra factor of two to make sure we do not miss any
of the mask. Thus we define

_ o IWCF
Teean 2T Og0 [52]
whereW s the diameter of the mask.

We nextaddresshe question of howarge aSNR is requiredCurrent inspection stan-
dardsdictate that wemust desigrthe SNR to belarge enoughthat there is likely to béess
than one false positive detection of a defect during the scanning of anveaftre The num-
ber of measurementaade on avafer is approximatelyhe ratioT,_(T. For atypical 200-
mm diametewafer and a lasespot diameter of about 1um, this ratio fromEq. [52] is
about &1C. This means that the probability of a falpesitive on any one measurement
must be less than the reciprocal of this number. If we assume that the systeroltagyseis
a zero-mean gaussian random variable, then we are loiwkisgSNR onone measurement
that satisfies the relation

1 etz T
\/E'[J’I’ e dtgggg y [53]

wherer is the desire@6NR. Forthe examplenumbers given above we firide requirement
that SNR> 6. The rule of thumb used in commercial inspection machines seems to be closer
to SNR= 10, so we will adopt this value also.

We now show results for two cases, an 80defect and 25-nm defectThefirst case
correspondspproximately to the current state-of-thefart commercialproduction-line in-
spection tools, the second case to the 50-nm technology node shown in Table 2.
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Case 1:
D =80nm

W =200 mm
n=0.8
A =488nm
hv =4.07x107%9
R =05W
d =35um
T =0.1pys

which gives (from Egs. [51] and [52])
SNR =13
Tecan = 6.58

Case 2:
D =25nm

W =200 mm
n=0.8
A =488nm
hv =4.07x10719
R =0.5W
d=6um
T =0.1us

which gives (from Eqgs. [51] and [52])
SNR =14
Teean = 220s

2.5. Experiments

We constructed two experiments to verify the theoretesililts ofthe previous sections.
The first of these measured how close we could come tih¢eeticalnoiselimits of optical
heterodyne detection in ageal system,but it did not involve scanning a mabkank. The
second experiment is a prototype of a system to actually find defects on a mask. It consists of
three majorsubsystems: opticaklectronic andmechanicalscanning.The following sub-
sections describe both experiments, including their current status.

2.5.1. Experimental noise limit. Figure 4 shows a&@imple opticalsystem in
which we constructed a signal lasramand alocal oscillator (LO)beam,combinedthem
on a beam splitter, and measured theiatfrequency on a photodiod&he lightsource is a
single mode (both transverse and longitudifiabarly polarized At laser thatoperates on
several blue and green lind$e outputpower is hundreds of milliwattsufficientfor pro-
viding a strong probe beam for defect scattering and a l@eakoscillator beanfior mixing.
The laser is followed by an uncoatethdow that acts as a beasplitter, providing~100:1
intensity ratio between thegrobe andocal oscillatorbeams, respectivelfach beanpasses
through an acousto-optic frequency shifter, one centered at 60 MHz and the othkti.70
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Each has a 10 MHz bandwidth. By using one or both frequency shifters, differences of in the
range of10-20MHz and55-75MHz can beused depending aime electronics and/or scan
speed.

Argon ion laser single mode b \ )x

60 MHz | 70 MHz

Crystal
oscillators

Acousto-optic

frequency
shifters
«—] Mixer
Output to Mixer
spectrum <€— and
analyzer integrator
Detector/
amplifier

Figure 4. Apparatus for measuring heterodyne system noise.

We varied the signgdower over a wideange including zero in order tiheck thecali-
bration of the system gain. Then, at zero signal power we measured the system noise using a
spectrum analyzeilable 3showsthe results of these measuremefds 10-MHz and 60-
MHz beat frequencies.

At a 10-MHzbeatfrequency thesystem performed very nearly as theprgdicts. The
measured amplitud& of the beat notevas about80% of the predictedvalue, presumably
because the intensipyrofiles and wave fronts dhe signalbeamand the LObeamdid not
matchperfectly. Within experimentalerror of about:20% the outputsystem noise power
matched the theory. At the 60-MHz béaquency theravas substantially more noise in the
photo-diode thathe manufacturer specifigdNew FocusModel 1801 Si PIN diode). We
were not able to determine the cause of this noise.

When we usd=q. [21] tocalculate the minimum detectable optipalwer inthe integra-
tion timeT = 1/2Av of 1.7us, we get a result di.4 pW. This isthe same result we get by
extrapolating the measured signal voltage of 1.8 V forM¥adown to the measuresystem
noisevoltage of 70uV rms (-70 dbm).Said anothemway, this simpleoptical heterodyne
system, operating in daylight, is capable of detecting 0.4 pW of paser in atime of 1.7

us.
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Table 3. Results of heterodyne system noise measurements at 10-MHz and
60-MHz beat frequencies.

10 MHz 60 MHz
A 488 nm 488 nm
R 0.25 A/\W 0.25 A/W
g 4.0x 10" VIA 4.0x 10" VIA
Av 0.3 MHz 0.3 MHz
P, 125 W 120pW
Pq 110pW 100puW
A=2Rg,/RPs 2.35V 22V
A (meas.) 1.8+0.2 V 0.9+0.1 V
Diode noise  50+15 pW (=73 dbm) 500100 pW (-63 dbm)
Electronics noise  3+2 pW (-85 dbm) 4+2 pW (-84 dbm)
Py =2qRg?R)/50@  0.10 nW (-70 dbm) 0.10 nW (-70 dbm)

P, (meas.) 0.10+0.02 nW (-70 dbm) (diode too noisy)

Tg is the trans-impedance amplifier gain.

2.5.2. Prototype optical layout. Figure 5 is achematiaddrawing of our prototype
system. We designed it give maximum flexibility for wavelength selection, frequency
shifting, polarization and incidence angles onrtresk blankThe laser,beamsplitters, and
frequency shifters are the same as used above for our system noise measurement. Following
the frequency shifters, each beam is focused into a single optidal fiber, passes through
a polarizationadjuster, and diverges frothe other end of the fiber into facusinglens.
These lenses can be positioned to illuminatentesk blank aincidence anglethat optimize
the signal-to-noise for an expecteefectsize. The lenses have aumerical aperture d.2,
giving a focalspotdiameter of gim. A third lens isplaced in the specular reflection of the
local oscillator beam to collect and focus the scattered and local oscillator beamsrudiieo a
mode optical fiber that terminates at the photo-diode.
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Argon ion laser > »
60 MHz 70 MHz
Crystal Y Y )
oscillators Acousto-optic
frequency
T = THIE shifters
Mask blank
\Migros_cope
objectives
Multi-mode
optical fiber Singlemmode
optical fibers
Photodiode

Polarization

@\» adjusters
To electronics

Figure 5. Prototype optical heterodyne system for measuring wafer defects.

2.5.3. Electronics.The electronicsfor the prototypesystem will consist oEommer-
cially available components having thenctions shown irFig. 3. The pair of RF mixers is
available as a unknown as ar-Q modulator, used ithe broadcasnhdustry. Wehave in
mind a simple PC-based data acquisition system to réiserdutput of the integrator and to
control the rotation/translation stage.

2.5.4. Mechanical scanning. For initial testing we decided to scan onlysenall
fraction of the mask blank. The simplest method is a spiral scan usshinwafer inspec-
tion tools. This isaccomplished by placing a rotary air-bearing on a linear transkttge.
Figure 6 shows a CAD drawing of the assembled hardware. The air-bearing rotates at 2 rev/s
to achieve a scan velocity of 1.0m/s at a radius of 80mthexmask blank.The translation
stage moves by one-hdlie focused spotliameter each revolution of thmask blank or
about 3um/s. This scan overlap provides some redundancydfact detection and can also
be used for correlation tests to eliminate false positives.

A specially designed vacuum chuckfitted on the air-bearing tbold the mask blank.
The surface ofthe chuck igpolishedflat and perpendicular to the rotatiexis to keep the
mask blank in the same plane during the scan.
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Air bearing

Mask blank

Local oscillator

beam fiber Fiber to

Probe beam fiber detector

Figure 6. CAD drawing of assembled optics and wafer translation/
rotation stage.

2.5.5. Programmed defects. To compare measurements with theory it is necessary
to runcontrolled experiments. A series of mask blanks were preparedknathn defects.
The substrates are high quality silicaafers with a high-spatial-frequencgughnessetter
than 0.2 nm rmsThe defects argold sphereshat have beesorted by size and vary from
10 nm to 100 nm in diameter. Each size was randomly distributed on a single wafer.
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Figure 7. Prototype system apparatus.

3.0. Status of project

The theory, optical system hardware, electronics, scanning staged defect-
programmed mask blanks are in place. Figure 7 is a photograph of this prototype heterodyne
system.Quantitativemeasurements and comparison to calculatias®d orthe theory de-
veloped in the previous sections are the next phase of this project.

We are pursuing funding for this phase on two fronts. After we brigtetl Corporation
lastfall, they made an informal commitment fiand futurework for one year, starting in
April 2000, at a level of approximately 1.5 FTEs. The contractual agreement will be either an
add-on to an existing CRADA or an entirely separate CRADA. The final decision will depend
on assignment of the intellectual property.

We have also hadumerous discussions witteveral vicepresidents akLA/Tencor
Corporation, a vendor for semiconductospection equipment. Thes#iscussionsbegan
with a visit by KLA to LLNL lastsummer. InDecember wesubmitted a plan to thefior a
two-year CRADA.Thework would have threegphases. Phase | woutibver thefirst six
months and fund..5 FTEs tomake a theoreticalomparison between heterodydetection
and direct detection. Direct detection is used in commercial wafer inspection systems, such as
those manufactured by KLA, and is currently able to detect particles as small as 80 nm in di-
ameter. Phase Il would focus tre experimental comparison teeory, last ninemonths,
and cover 2.5 FTEs. In the final phase we would develop an engineering prototype that could
serve as a test bed for design afoanmercialinstrument.LLNL would transferthe technol-
ogy to KLA during this phase, which would last nine months and support 5 FTEs.

KLA is now in the process of prioritizing their research efforts for the next fiscal year and
our proposal ibeing weighed against other intermaioposals for productlevelopment
funds. We expect some feedback starting in April as their selection process nhebeald.
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